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Abstract
Wereport the experimental realization of aCreutz ladder for ultracold fermionic atoms in a resonantly
driven 1Doptical lattice. The two-leg ladder consists of the two lowest orbital states of the optical
lattice and the cross inter-leg links are generated via two-photon resonant coupling between the
orbitals by periodic lattice shaking. The characteristic pseudo-spinwinding structure in the energy
bands of the ladder system is demonstrated usingmomentum-resolved Ramsey-type interferometric
measurements.We discuss a two-tone drivingmethod to extend the inter-leg link control and propose
a topological charge pumping scheme for the Creutz ladder system.
1. Introduction
Topological phases such as quantumHall states and topological insulators represent intriguing physics beyond
the conventional Landau paradigmof phase transition [1, 2].Motivated further by their novel transport
properties, the study of topological phases constitutes one of the frontiers inmodern condensedmatter physics.
Ultracold atoms in optical lattices, featuring tunneling amplitude engineering and tunable interaction strength,
provide a unique platform for realizing and exploring such exotic topological states [3, 4]. Alongwith the steady
development of experimental techniques,many topologicalmodel systems have been recently realized, which
include theHarper–HofstadterHamiltonian in 2D rectangular lattices [5, 6], theHaldanemodel in a 2D
hexagonal lattice [7], and variousHall and topological ladder systems based on additional synthetic dimensions
such as internal atomic states [8–13] and lattice orbital states [14].
Periodic lattice shaking is one of the successful tools for exploring exotic phases in optical lattices. Under
periodicmodulations of the lattice potential, the systemparameters such as tunnelingmagnitude [15, 16] and
phase [17] can be coherentlymanipulated, giving rise to a hopping conﬁguration that is difﬁcult to realize with
static schemes. An outstanding example is theHaldanemodel realized by circularly shaking a 2Dhexagonal
optical lattice potential to achieve complex next-nearest-neighbor hopping [7, 18]. From the perspective of
Floquet band engineering, the lattice shakingmethod has been extensively discussed even in the resonant regime
where the driving frequency is high enough tomatch the energy gap between two bands [19]. Such strong orbital
hybridizationmay enable access to a broader range of effectiveHamiltonians [20, 21]. In particular, it was
anticipated thatmulti-photon inter-orbital resonant coupling could yield a special route to engineer topological
states [22, 23]. Thus, it is highly desirable to examine themultifarious scope of Floquet band engineering for the
study of topological phases.
In this paper, we experimentally investigate the effects of two-photon inter-orbital resonant coupling in a
periodically driven 1Doptical lattice, and demonstrate the realization of a generalizedCreutz ladder for
ultracold fermionic atoms in the shaken lattice system. TheCreutz ladder is a cross-linked two-leg ladder system
under amagnetic ﬁeld, which has been discussed as aminimalmodel for 1D topological insulators [24–26].
Recently, it was extended to an interacting case, referred to as theCreutz–Hubbardmodel, for the study of
correlated topological phases [27–31]. In our experiment, the two-leg ladder is formed by the two lowest orbital
states in optical lattice, and the cross inter-leg links are generated via the two-photon resonant coupling between
the orbitals by lattice shaking. Usingmomentum-resolved Ramsey-type interferometricmeasurements, we
demonstrate the characteristic pseudo-spinwinding structure in the energy bands of theCreutz ladder.We also
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discuss the extension of the inter-leg link control with two-frequency driving, where the direct links are
additionally controlled by the one-photon resonant coupling between the orbitals. Finally, based on the extented
inter-leg link control, we propose an experimental scheme for topological charge pumping in the generalized
Creutz ladder system.
2. Creutz laddermodel
TheCreutzmodel describes a spinless fermion system in a two-leg ladder under amagnetic ﬁeld [24]. The two-
leg ladder system is sketched inﬁgure 1, where t denotes the hopping amplitude along the legs, tv along the rungs
of the ladder, td along the diagonal links, andΦ is the gaugeﬂux penetrating each ladder plaquette. The system’s
Hamiltonian is given by
å s s= Y + Y + + Y Ys- F +H t t te h.c. , 1
j
j d x j j v x jCL
i 2
1
z[{ ( ) } ( ) ] ( )† ( ) †
whereΨj=(cj,1, cj,2)
Twith cj, l being the annihilation operator of the fermion at site j and leg lä{1, 2}, and
s s s s= , ,x y z{ }are the Paulimatrices. The corresponding BlochHamiltonian is expressed as
s
s s= F + + + F
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
 h
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where q is the quasimomentum,  is the identitymatrix, and = + Fh q t t q t q2 cos , 0, 2 sin 2 sinv dCL ( ) { ( ) ( ) ( )}.
Because the vector hCL is conﬁned in the xz plane, its winding around the origin for thewhole Brillouin
zone (BZ), p p- < q , characterizes the topology of the ladder system. A topologically non-trivial state
occurs when <t t 2v d∣ ∣ , where h qCL ( ) fully encircles the origin, giving a non-zero integer winding number
representing the topological character of the system. The band dispersion of the system is given by =E q( )
F  ht q q2 cos 2 cos CL( ) ( ) ∣ ( )∣. It is remarkable that withΦ=π, tv=0 and td=t, the ladder systemhas
= E q t2( ) ∣ ∣, constituting a 1D topological systemwith twoﬂat bands.
The original Creutzmodel was proposed for a special case ofΦ=±π, where the ladder systemholds chiral
symmetry forσy HCL, qσy=−HCL, q [24], and it is equivalent to the Su–Schrieffer–Heegermodel, which
belongs to the BDI class of theAltland–Zirnbauer classiﬁcation [30, 32]. In an extended case of pF ¹  , the
chiral symmetry is broken, but since hCL remains in the xz plane, the topological character of the system is still
unambiguously represented by thewinding number of hCL. It was discussed that the topological phase of the
extendedCreutzmodel is protected by a hidden inversion symmetry [33, 34].
3. Atom in a resonantly shaken optical lattice
Weconsider an atom in a 1Doptical lattice potential = -pV x x xcosV
a2
2
0
L( ) [ ( )], where the position x0 of the
lattice potential is periodically driven as w j= - +x t td cos0( ) ( ) [ﬁgure 2(a)]. Here,VL is the lattice depth and
a is the lattice spacing. In the comoving reference framewith the vibrating optical lattice, theHamiltonian of the
system is given byH=Hstat+δHwith
p
d w w j
= +
=- +
H
p
m
V
a
x
H t p
2 2
cos
2
,
d sin , 3
x L
x
stat
2
⎜ ⎟⎛⎝
⎞
⎠
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whereHstat is theHamiltonian of the stationary optical lattice systemwith px being the atom’smomentum andm
being the atomicmass, and δH represents the perturbation from the inertial force induced by the lattice shaking,
which canmakemixing between the energy bands of the stationary lattice system. In this work, we are interested
Figure 1.Creutz laddermodel. A two-leg ladder systemunder amagneﬁcﬁeld. t denotes the intra-leg hopping amplitude andΦ is the
gauge ﬂux per plaquette. tv and td indicate the inter-leg hopping amplitudes in the ladder along the vertical rungs and the diagonal
links, respectively.
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in the situationwhere the lattice shaking frequencyω is close to the resonance frequency for the coupling
between the two lowest, s and p bands of the lattice potential (ﬁgure 2(b)). From a synthetic dimension
perspective [35], the 1D shaken lattice system can be regarded as a two-leg ladder system constituted by the s and
p orbitals, where the inter-orbital coupling by lattice shaking is depicted as the inter-leg links between the
two legs.
In a two-band tight-binding approximation, theHamiltonian of the driven lattice system is expressed as
å å= Y Y - Y Y ++H K t J t h.c. , 4
j
j j
j
j j 1( ) [ ( ) ] ( )† †
where Y = c c,j j p j s, , T( ) , cj, α is the annihilation operator for the atom in theWannier state añj,∣ on lattice site j in
orbitalαä{s, p}. ThematricesK(t) and J(t) are given by
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where a a= á ña j H j, ,stat∣ ∣ and a a= -á + ñat j H j, 1,stat∣ ∣ are the on-site energy and nearest-neighbor
hopping amplitude of theα orbital, respectively, and w a b= á ¶ ¶ + ñab h d j x j, ,ℓ∣( )∣ℓ is the transition
element between theα andβ orbitals separated byℓ lattice sites [22].
When the shaking frequencyω is close to w nsp0 with integer ν, where w =  sp sp0 and òsp=òp−òs, a
resonant inter-orbital couplingwould be generated via ν-photon transition process. To explicate the properties
of the inter-orbital couplings generated by the one-photon (ν=1) and two-photon (ν=2) resonant processes,
we calculate the effectiveHamiltonianH( ν)eff of the system in a rotating framewith frequency νω, using a high-
frequency expansionmethod (appendix A) [36–38]. The effectiveHamiltonian is obtained as =nHeff( )
+n nH HC0( ) ( ) with
Figure 2.Creutz ladder in a resonantly shaken optical lattice. (a) Schematic of the periodically driven 1D lattice system. The position of
the lattice potential is sinusoidallymodulatedwith frequencyω and amplitude d. The lattice spacing is denoted by a. (b)The s and p
orbitals can be resonantly coupled via one-photon (ν=1) or two-photon (ν=2) processes. Two-leg ladder diagrams for the systems
with (c) the ν=1 and (d) ν=2 resonant couplings. Band structures of the ladder systems for our experimental conditionswith (e)
{ω/2π, d/a}={13.4kHz, 0.05} and (f) {6.7kHz, 0.2}, giving tv/h=1.0 kHz (ν=1) and td/h=0.4 kHz (ν=2), respectively.
The blue and red colors indicate the orbital composition of the energy band, corresponding to s and p, respectively. The dashed lines
show the bare dispersion curves of the s and p bands for {ts, tp}/h={0.1,−1.0} kHz. (g),(h)Corresponding pseudo-spin
distributions of the ground bands and their trajectories on the Bloch sphere.
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where w nwD = -n  2sp0( ) , = +tr t t2
p s¯ , = -tr t t2
p s , sh h= - nR exp in ( ) ( ˆ · )ˆ with =n n nˆ ∣ ∣, and
= -h h hpp ss1 1 1 . nH0( ) represents an uncoupled two-leg ladderwith energy imbalanceΔν and intra-leg hopping,
and nHC( ) describes the dominant inter-leg coupling generated by the ν-photon resonant process.
The character of the inter-leg coupling given by nHC( ) is different for the two cases, ν=1 and ν=2. HC
1( )
describes the on-site orbital-changing transitions, corresponding to the direct inter-leg linkswith amplitude
=t h 2v sp0 in the ladder system.On the other hand, HC2( ) describes the second-order processes consisting of on-
site orbital changing and nearest-neighbor hopping along the leg direction, giving the diagonal inter-leg links
with amplitude w= t h h 2d sp0 1 . The difference of HC1( ) and HC2( ) can be understood fromparity conservation;
since the lattice shaking is an odd-parity operation, the two-photon on-site transition is forbidden between the s
and p orbitals, which have opposite parities [23]. Inﬁgures 2(c) and (d), we present the schematic diagrams of the
resulting ladder systems for ν=1 and 2, respectively. Note that the sign of tp is opposite to that of ts, and under a
proper transformation, the ladder systems can be viewed as having aπ gaugeﬂux piercing each ladder plaquette.
The BlochHamiltonian of the two-leg ladder system is expressed as s= - +n n hH t q q2 cosq r¯ ( ) ( ) ·( ) ,
where q is expressed in units of -a 1 and the nh q( ) is given by
r
r
= + D -
= + D -
h z
h z
q t t q
q t q t q
2 cos
2 sin 2 cos 7
v r
d r
1 1 1
2 2 2
( ) ˆ [ ( )] ˆ
( ) ( ) ˆ [ ( )] ˆ ( )
with r j j= +x ycos sin1ˆ ( ) ˆ ( ) ˆ and r j j= - +x ysin 2 cos 22ˆ ( ) ˆ ( ) ˆ. Under a transformation of r n xˆ ˆ and
 - pq q
2
, the functional formof nHq( ) on q becomes same as that ofHCL, q except the term ofDn zˆ in nh .
Regardless of having the additional term, nh is conﬁned in the plane deﬁned by rnˆ and zˆ , and thus, its winding
number determines the topological characteristic of the ladder system. From equation (7), it is obvious that
h q1( ) cannot encircle the origin, whereas h q2( ) can give winding number of±1when D < t2 r2∣ ∣ ∣ ∣. Thismeans
that a topologically non-trivial phase would emerge in the shaken lattice systemwith two-photon resonant
coupling (Δ2≈0). The chiral symmetry is generally broken in Hq
2( ) due to ¹t 0r¯ , and it was argued that the
topologically non-trivial phase is protected by symmetry composed of time-reversal andmirror symmetries
[12]. It is interesting to note that one of the topological bands becomes dispersionless when D = t2 r2∣ ∣ ∣¯ ∣
and =t t td s p2 ∣ ∣.
Inﬁgures 2(e) and (f), we display the band structures of the two-leg ladder systemwith one-photon resonant
coupling (Δ1=0) and two-photon resonant coupling (Δ2=0), respectively. The pseudo-spin distributions of
the ground bands over the BZ and their corresponding trajectories on the Bloch sphere are also shown in
ﬁgures 2(g) and (h). In the ν=2 case, the pseudo-spin trajectorymake a great circle on the Bloch sphere, which
is the key topological feature of the constructedCreutz ladder system. In the following section, we present our
experimental investigation, where the focus is to demonstrate thewinding structure of h q2( ) in the resonantly
shaken lattice system.
4. Experiment and result
4.1. Experimental setup
Our experiment starts with preparing a spin-balanced degenerate Fermi gas of 173Yb atoms in the F=5/2
hyperﬁne ground state, which has all the six spin components equally, in an optical dipole trap [39]. The total
atomnumber is≈1.5×105, and the temperature is≈0.35TF, whereTF is the Fermi temperature of the trapped
sample. The atoms are adiabatically loaded in a 1Doptical lattice potential, which is formed along the x-
direction by interfering two laser beamswith awavelength ofλL=532 nm. The lattice spacing and depth are
l=a 3 2L andVL=8Er, respectively, where = = ´E h ma h8 3.1 kHzr 2 2 (h is the Planck constant).
The trapping frequencies of the overall harmonic potential were estimated to be (ωx,ωy,ωz)≈2π×(41, 61,
130)Hz. After loading the atoms in the lattice potential, the fractional population of the p orbital was about 3%.
Shaking of the lattice potential is implemented by sinusoidallymodulating the frequency difference δωL between
the two lattice laser beams as dw w j= +t A tsinL ( ) ( ), which results in lattice site vibrations with amplitude
= pwd a
A
2
[ﬁgure 2(a)].
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4.2. Shaking spectroscopy
Weﬁrst investigate the resonance condition for inter-obital coupling bymeasuring themomentumdistribution
n(k) of the atoms as a function of the driving frequencyω. After preparing the atoms in the s band of the static
lattice, we suddenly apply the periodic driving over 20 cycles, which is longer than the dephasing time of the
system, andwemeasure n(k) by taking an absorption image of the atoms after a bandmapping protocol [40]
and a subsequent time ofﬂight. In the bandmapping, quasimomentum states are transformed onto the
corresponding realmomentum states in free space by slowly ramping down the lattice potential, and n(k) shows
the quasimomentumdistribution of the atoms in the s band for p<k∣ ∣ with k=q and that in the p band for
p p< <k 2∣ ∣ with k=q−sgn(q)×(2π), where k is expressed in units of a−1.
Inﬁgure 3, we display themeasurement result of themomentumdistribution change,Δn(k), from that of
the non-driven sample as a function ofω. Here n(k) is normalized as ò =n k kd 1( ) . A strong spectral signal is
observed in the range w p = ~2 11 17 kHz [ﬁgure 3(a)]. The spectral peak position follows the one-photon
resonance condition w w= » - q t q4 cossp sp r( ) [ ( )] , where = - t h, 13.4, 0.54sp r{ } { }kHz for our
lattice parameters. The two-photon s–p coupling is observed in the corresponding half-frequency range
w p = ~2 5.5 8 kHz (ﬁgure 3(b)), where the spectral structure appears consistent with the resonance
condition of 2ω=ωsp(q). In comparisonwith the one-photon resonance case inﬁgure 3(c), it is noticeable that
the signal strength is suppressed at w w~2 0sp ( ) and 2ω∼ωsp(±π), muchweaker than that at 2ω∼ωsp(±π/2)
(ﬁgure 3(d)). The suppression is consistent with the q-dependence of the transverse ﬁeld amplitude of h2,
µrh q qsin2, ( ) ( ), which determines the coupling strength between the two orbital-momentum states, ñq s,∣
and ñq p,∣ .
In the frequency range of w p = ~2 11 14kHz andω/2π≈8.5kHz, we observe substantial population
transfer to the high-momentum region of p>k 2∣ ∣ , which result from the two-photon and three-photon
couplings between the s and d orbitals, respectively. In the effort to realize an effective two-leg ladder system,
coupling to higher orbitals from the s and p orbitals could be detrimental, if itsmagnitude is not negligible to that
of the s–p inter-orbital coupling. In the two-photon resonance conditionwithΔ2=0, which is of ourmain
interest in this work, the atom loss rate out of the s–p ladder systemwasmeasured to be≈0.17td forA/
2π=8 kHz (td/h=0.4 kHz), justifying the effective two-band description of the shaken lattice system. In
numerical simulations of an atom in the 1D shaken lattice potential, the atom loss rate due to the higher-band
couplingwas estimated to be 0.08td, which is less than a half of the experimentallymeasured value. Further
experimental optimizationmight help reduce the loss rate, such as phase stabilization of the lattice laser beams
and transverse conﬁnement of atomswith additional yz lattices beams. It is worth noting that atom–atom
Figure 3. Shaking spectroscopy of fermionic atoms in an optical lattice. (a),(b) Spectra of themomentumdistribution changeΔn(k)
as a function of the driving frequencyω. The driving amplitudeA/2π=2 kHz in (a) and 4kHz in (b). The dashed lines in (a) and (b)
indicate the one-photon and two-photon resonance conditions, i.e.ω=ωsp(q) and 2ω=ωsp(q), respectively
1. (c),(d) Spectral
proﬁles ofΔn(k) at variousω, indicated by the horizontal lines in (a) and (b).
1
The long-range hoppings in the p bandwere included in the calculation ofωsp(q).
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interactions, which are present in our spin-balanced sample, can be a source of heating and atom loss in a
periodically driven optical lattice system [41].
4.3. Ramsey interferometry
In the shaking spectroscopy, the dispersion curve ofωsp(q)wasmeasured for the two-photon resonant coupling
and it conﬁrms the axial component of h2 is given by = D -h t q2 cosz r2, 2 ( ). For verifying thewinding
stucture of h q2( ), therefore, it would be sufﬁcient to demonstrate the asymmetric property of its transverse
component, - = -r rh q h q2, 2,( ) ( ).
As ameans to probe the asymmetric property ofh2, ρ(q), we employ aRamsey interferometry scheme,where two
separate pulses of resonant lattice shaking are appliedwith a variable time intervalTe. The lattice shaking sequence is
described inﬁgure 4(a), where the frequencymodulations are set as dw w j= +t A tsinI I I( ) ( ) for theﬁrst pulse in
0<t<τI and as dw w j= ¢ +t A tsinII II II( ) ( )with t¢ = - +t t TeI( ) for the secondpulse in t< ¢ <t0 II.
Here, w w n= spI II 0 I II( ) ( ) (w p =2 13.4sp0 kHz)withνI(II)=1or 2 so that during theﬁrst (second)pulse duration, the
nI II( )-photon resonant coupling is generated in the lattice system.As shown in section 3, in a rotating framewith
frequency w n w=sp0 I II I II( ) ( ), the effectiveBlochHamiltonianof the resonantly shaken lattice system is givenby
s= - + hH t t q q t2 cos ,q r( ) ¯ ( ) ( ) · with s q s q s= - + +rh q t t q h q t t t, 2 cos , cos sinr z x y( ) ( ) ( )[ ( ( ) ( ( ) ].
During theRamsey interferometry sequence, the transverse component of h q t,( ) is dynamically controlledwith the
lattice shakingparameters, n jA, ,I II I II I II{ }( ) ( ) ( ) .
For an atom initially prepared in the ñq s,∣ state, itsﬁnal state after the Ramsey interferomentry sequence is
given by
x x= c q
c q
R R h q T R 0
1
, 8h z h
p
s
q z e qII III I
⎛
⎝⎜
⎞
⎠⎟ ( )( )( ) ( ) ( ( ) ) ( ) ( )ˆ ( ) ˆ ˆ ( )
where hI II( ) is the h vector in theﬁrst (second) lattice shaking and x t= hI II I II I II∣ ∣( ) ( ) ( ) .Here the global phase factor
arising from the termof- t q2 cosr¯ ( ) inHq is ignoredunder a proper gauge transformation. xRn ( )ˆ represents a
rotation around the nˆ axis by ξon theBloch sphere formedby ñq p,∣ and ñq s,∣ , and thus, the system’s overall
evolution is described as a compositionof three sequential rotationswhich correspond to the timeevolutions in the
ﬁrst pulse, the intermediate period, and the secondpulse, respectively [ﬁgure 4(b)]. As the timeTeof the intermediate
period increases, the atompopulation in the ñq p,∣ state, =n q c qp p 2( ) ∣ ( )∣ would showoscillations, and its oscillation
amplitude andphases can reveal the geometric relationbetween h qI( ) and h qII( ).
In our experiment, we examine two cases of (νI, νII)=(1, 1) and (2, 1)withj = 0I II( ) and t p w= 2I II I II( ) ( ).
Wemeasure themomentumdistribution n(k) after applying the two pulses of lattice shakingwith increasingTe.
Inﬁgure 5(a), themeasurement result for the n n =, 1, 1I II( ) ( ) case is presented, where the shaking amplitude is
set to be p =A 2 5 kHzI II( ) to obtain x p= 4I II( ) for q=±0.7π. The population oscillations with increasingTe
are clearly observed for each q and the oscillation frequency is found to be in good quantitative agreement with
ωsp(q) (ﬁgure 7(a)). Next, themeasurement result for (νI, νII)=(2, 1) is presented inﬁgure 5(b). In the
measurement, the driving amplitude for the ﬁrst pulse (νI=2) is changed toAI/2π=8 kHz to keep ξI=π/4
for q=±0.7π, whereas that for the second pulse (νII=1) is the same as in the previous (νI, νII)=(1, 1)
measurement. Remarkably, we observe that the Ramsey signals exhibit an asymmetric fringe patternwith
respect to k=0, which is in stark contrast to the (νI, νII)=(1, 1) case where the Ramsey signals aremirror-
symmetric. Based on the fact that the transverse component of h qII( )with νII=1 is uniformover the BZ
Figure 4. Schematic of Ramsey interferometry using two separate pulses of lattice shaking. (a) Schematic of the lattice shaking
sequence and (b) the pseudo-spin evolution on the Bloch sphere for the quasimomentum q state. hI IIˆ ( ) indicates the direction of h for
the ﬁrst (second) shaking pulse. The orange disk denotes the precession plane of the pseudo-spin during the intermittent period.
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[equation (7)], the observed asymmetric fringe signals indicate that the transverse component of h qI( )with
νI=2 has opposite directions for q>0 and q<0, i.e. - = -r rh q h q2, 2,( ) ( ), thus corroborating thewinding
structure of h q2( ).
Inﬁgures 5(c) and (d), we display the population n(k) at k=±1.3π, corresponding to np(q=m0.7π), as a
function ofTe for the (νI, νII)=(1, 1) and (2, 1) cases, respectively. The population shows damped oscillations
with increasingTe and the dampingmight be attributed to atom–atom interactions and/or the spatial
inhomogeneity of the trapped sample. From the damped sinuoidal functions ﬁt to the data, wemeasured the
phase difference between the two oscillation curves to be 0.10π for (νI, νII)=(1, 1) and 0.77π for (νI, νII)=
(2, 1), which are slightly different from the expected values of 0 andπ, respectively.We attribute such a small
deviation to the off-resonant coupling effect, which is neglected in ourmodel description andwill be further
discussed in the next section.
As a further comparison of the (νI, νII)=(1, 1) and (2, 1) cases, we also examine the dependence of the
Ramsey signal on the driving phasesjI andjII bymeasuring n(k=±1.3π) as a function ofjI andjII with a
ﬁxed evolution timeTe=100μ s (ﬁgure 6). For (νI, νII)=(1, 1), the two populations at k=±1.3π oscillate in
phasewith period of 2π in bothjI andjII. In contrast, for (νI, νII)=(2, 1), they showout-of-phase oscillations
with a different period ofπ injI and 2π injII. This observation is consistent with the differentj-dependence of
r1ˆ and r2ˆ in equation (7). Theπ periodicity of the Ramsey signal with increasingjI for νI=2 is a direct
consequence of that the inter-orbital coupling is generated via two-photon process.
5.Discussions
5.1.Off-resonance coupling effect
In themodel description of the resonantly shaken lattice system, we consider only the effects of the resonant
coupling between the s and p orbitals. Although themodel is efﬁcient in capturing the essential topological
features of the system, its improvement, in particular, by including the off-resonant inter-orbital coupling
effects would be necessarily desirable for further development of the ladder system. To evaluate the limitations of
the currentmodel, wemake a quantitative comparison between the experimental results in the Ramsey
interferometrymeasurement and the prediction from themodel. Inﬁgure 7, we characterize the Ramsey
interferometry data presented inﬁgures 5(a) and (b)with the oscillating frequencyωf(k) and the phasef(k),
Figure 5.Momentum-resolved Ramsey interferometry signal.Momentumdistribution n(k) as a function ofTe for (a) (νI, νII)=(1, 1)
and (b) (2, 1), wherejI(II)=0 and t p w= 2I II I II( ) ( ). (c),(d) n(k) at k=±1.3π as a function ofTe in (a) and (b), respectively. The solid
lines are the damped sinusoidal functionﬁts to the data. Each data point was obtained from sevenmeasurements and its error bar
indicates their standard deviation.
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where {ωf(k),f(k)} are determined from a damped sinusoidal function ﬁt to the fringe signal n(Te; k) at each k.
In the (νI, νII)=(1, 1) case, weﬁnd that themeasured {ωf(k),f(k)} are well described by themodel [ﬁgures 7(a)
and (c)]. Here, themodel predictionwas numerically obtained by calculating equation (8) for the experimental
conditions. On the other hand, in the (νI, νII)=(2, 1) case, we observe that themeasured oscillation phasef(k)
shows a quantitatively non-negligible deviation from themodel prediction [ﬁgure 7(d)]. The deviation is
pronounced near k=0 and±π. Thesemomentum regions are where the two-photon resonant coupling is
weak for µrh q qsin2, ( ) ( ) so that it is not only technically difﬁcult to precisely determinef but also likely to be
sensitive to any off-resonant coupling effect.
In the two-photon resonance condition, the dominant off-resonant couplingmust arise from the one-
photon inter-orbital transition process.We speculate that its effectmight be approximated to direct leakage links
between the two legs, and then represented by a uniform transverse component in h as observed in the case of
one-photon resonant coupling. To test the possibility, we recalculate equation (8) for the (νI, νII)=(2, 1)
Figure 6.Driving phase dependence of the Ramsey fringe signal. Atomic densities n(k)measured at (a), (c) k=−1.3π and (b), (d)
k=1.3π as functions of the driving phasesjI andjII forTe=100μs. (νI, νII)=(1, 1) in (a), (b) and (2, 1) in (c), (d). The
experimental conditions are the same as those inﬁgure 5. The dashed lines are guides to the eyes, indicating themaxima of the Ramsey
fringes. In the case of (νI, νII)=(2, 1), the fringe signal showsπ-periodicity with increasingjI.
Figure 7.Characterization of the Ramsey fringe signals. The oscillation frequencyωf(k) and phasef(k)were determined from a
damped sinusoidal function ﬁt to the experimental data for each k. (a) and (c) for the datawith (νI, νII)=(1, 1) inﬁgures 5(a), and (b)
and (d) for the datawith (νI, νII)=(2, 1) inﬁgure 5(b). The grey dashed lines indicate themodel prediction calculated from
equation (8). The red dots in (d) show the numerical result for the case where a uniform transverse vector of r xhmax 3( [ ] ) ˆ is added to
hI (see the text for details).
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experiment with adding a transverse ﬁeld of xhx ˆ to hI for theﬁrst pulse period.We observe that the numerical
result evolves somewhat closely to the exeprimental data when hx increases to rhmax 3[ ] [ﬁgure 7(d)],
supporting the leakage-link picture for the off-resonant coupling effect. The presence of such leakage links has
an important implication that depending on the complex amplitude of the leakage links, hmight not be
conﬁned in a plane so that its winding numberwould be ill-deﬁned. The off-resonant coupling effects, including
those from the coupling to higher orbitals, warrant further theoretical and experimental investigations in future
study.
5.2. Shakingwith two resonant frequencies
The observation that one- and two-photon resonant couplings bring about the distinctive effects of direct and
cross inter-leg links, respectively, prompts us to discuss an extension of the inter-leg link control in the ladder by
using both types of resonant couplings. Speciﬁcally, we consider a situation inwhich the lattice shaking is
applied as dw w w j= + +t A t A tsin sin 2L ( ) ( ) ˜ ( )withΔ2=0.Here, togetherwith theω driving generating
two-photon resonant coupling, the 2ω driving provides one-photon resonant coupling.Weﬁnd that the inter-
orbital coupling effects of the two drivings appears additive in the effectiveHamiltonian at the same level of
approximation used in equation (7) (see appendix B), giving
r j= + -h y zq t t q t q2 sin 2 cos ,v d r1( ) ˜ ˆ ( ) ( ) ˆ ( ) ˆ
with =t A A tv v˜ ( ˜ ) . This suggests that the direct inter-leg links can be generated independently in theCreutz
ladder by simply adding a 2ω driving; furthermore, its complex amplitude can be controlledwith the driving
parameters A˜ andj. Evenwith the off-resonant coupling effects discussed in the previous subsection, this two-
tone drivingmethodwould provide aﬂexible way to control the inter-leg links of the Creutz ladder system.
The extended control of the inter-leg linkswill enable to exploremany interesting aspects of the topological
ladder system. First of all, the topological phase transition of theCreutz ladder can be studied in a controlled
manner, which occurs at j p= t t, 2 , 2v c d{˜ } { }, accompanied by the band gap closing at q=±π/2 and a
sudden change of thewinding number of h q( ). Anomalous scaling of defect formationwas predicted for the
phase transition dynamics due to the topological properties of the system [25]. Equippedwith the dynamic
control of the inter-leg links, we can also envisage a realization of a topological charge pump in theCreutz ladder
[42]. For example, when the direct link parameters jt ,v{˜ } are controlled to adiabatically encircle one of the
critical points in the parameter space, the Zak phase γZ [47] continuously changes by 2π per cycle (ﬁgure 8),
whichwould result in one lattice site shift of atoms in the ladder.
6. Conclusion
Wehave demonstrated the realization of theCreutz ladder in a periodically shaken 1Doptical lattice via two-
photon resonant coupling. The topological structure of theCreutz ladder was characterizedwith thewinding
structure of h q2( ) in the BZ. By the shaking spectroscopy, the longitudinal component of h2was directly
measured as = -h t q2 cosz r ( ), and using the Ramsey interferometry, the asymmetric relation of its transverse
component, - = -r rh q h q2, 2,( ) ( ), was demonstrated. From the observation that one- and two-photon
resonant couplings generate direct and diagonal inter-leg links, respectively, in the ladder system, we suggested
Figure 8.Topological charge pumping in theCreutz ladder. (a)Zak phase γZ in the plane of t tv d˜ andj. The critical points are located
at j p= t t , 2, 2v d{˜ } { }. Along the path encircling one of the critical points, γZ continuously changes by 2π. (b)Evolution cycle of
the pseudo-spin trajectory of the ground band on the Bloch sphere as the system adiabaticallymoves along the red encircling path in
(a). The trajectory line covers thewhole Bloch sphere in each cycle, resulting in one lattice site shift of atoms in theCreutz ladder.
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the two-tone drivingmethod of simultaneously exploiting both resonant couplings, whichwould allow the
controlled study of the topological phase transition dynamics and the realization of a topological charge pump.
As another extension of this work, topological ﬂat band engineeringmay be pursuedwith theCreutz ladder
system,whichwould provide interesting opportunities for observing possible emergence of correlated
topological phases [43, 44]. In interacting two-leg ladder systems,many correlated topological phases and
associated edge states were theoretically discussed [27–31]. Finally, we also expect that the two-photon resonant
couplingmethod can be readily applied to 2Doptical lattice systems, providing an alternative route to investigate
anomalous quantumHall states [45, 46].
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AppendixA. Two-bandmodel description
In the two-band tight binding approximation, theHamiltonian of the lattice system is given by
å å= Y Y - Y Y ++H K t J t h.c. . A.1
j
j j
j
j j 1( ) [ ( ) ] ( )† †
In terms of the identity and Paulimatrices s s s, , ,x y z{ }, thematricesK(t) and J(t) are expressed as
s w j s
w j w j s w j s
= + + +
= - + + - + - +




K t h t
J t t h t t h t h t
2
sin
i sin i sin sin A.2
sp
z
sp
y
r r z
sp
y
0
1 1 1
( ) ¯ ( )
( ) [¯ ¯ ( )] [ ( )] ( ) ( )
with = +  
2
p s¯ , òsp=òp−òs, = +tr t t2
p s¯ , = -tr t t2
p s , = +h h h1 2
pp ss
1 1¯ , and = -h h h1 2
pp ss
1 1 .
To investigate the effects of the ν-photon inter-orbital resonant coupling, we obtain theHamiltonian ¢H in a
rotating reference framewith frequency νω, taking a unitary transformation of
å= +- nw nwU t c c c ce e . A.3
j
t
j p j p
t
j s j s2
i
, ,
i
, ,2 2( ) [ ] ( )† †
Then,K(t) and J(t) are transformed to, respectively
s w j nw s
w j w j s w j nw s
¢ = D + + -
¢ = - + + - + - + -
n

K t h t R t
J t t h t t h t h t R t
sin
i sin i sin sin , A.4
z
z
z
sp
y
r r z
sp
y
0
1 1 1
( ) ( ) ( )
( ) [¯ ¯ ( )] [ ( )] ( ) ( ) ( )
ˆ
ˆ
whereΔν=(òsp−νÿω)/2 and q qs= -R exp iz z( ) ( )ˆ . Here we ignore the energy offset of  ¯ inK(t).
A.1. EffectiveHamiltonian for n = 1
Using a high frequency expansionmethod up to second order processes [37], the effective FloquetHamiltonian
of the periodically driven system is obtained as
å w= +n =
¥ -

H H
H H
n
,
, A.5
n
n n
eff 0
1
[ ] ( )( )
whereHn is the nω Fourier component of the original time-periodicHamiltonian ¢H tˆ ( ), such that
å¢ = + w
¹
H t H H e . A.6
n
n
n t
0
0
i( ) ( )
In the case of ν=1, from (A.4)
å å
å
å å
s j s s j s
s s
s s s
= Y D + Y + Y - - + Y +
= Y + Y + Y - + Y
= Y - Y + Y - Y + Y - Y
j j
j j j
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h.c.
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e A.7
z z
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1 1
2
0 i 1 i
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1 i
⎡
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⎡
⎣⎢
⎤
⎦⎥
⎫⎬⎭
⎧⎨⎩
⎡
⎣⎢
⎤
⎦⎥
⎡
⎣⎢
⎤
⎦⎥
⎫⎬⎭
⎡
⎣⎢
⎤
⎦⎥
⎧⎨⎩
⎡
⎣⎢
⎤
⎦⎥
⎡
⎣⎢
⎤
⎦⎥
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† ˆ † ˆ
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and =-H Hn n†, where s s s=  i 2x y( ) . Then
å
å
w s j s
w s j s w s
= Y D + + + Y
+ Y - + - + Y + Y Y ++ +

 

H
h h h
R
t
h h
t
h
R
h
8 2
4 2 8
h.c. . A.8
z
z
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j
j r
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r z
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When w h hsp sp0 1  , the effectiveHamiltonian is approximated as
å ås j s s» Y D + Y - Y + Y ++H t R t t h.c. A.9z
j
j z v x j
j
j r r z jeff
1
1 1[ ( ) ] { (¯ ) } ( )( ) † ˆ †
with =t h 2v sp0 . The BlochHamiltonian is given by
s= - + hH t q q2 cosq r1 1¯ ( ) ( ) ·( )
with
r
r j j
= + D -
= +
h z
x y
q t t q2 cos
cos sin , A.10
v r1 1 1
1
( ) ˆ [ ( )] ˆ
ˆ ( ) ˆ ( ) ˆ ( )
where q is the quasimomentumnormalized in units of a−1.
A.2. EffectiveHamiltonian for n = 2
In the case of ν=2
å å
å å
å å
s s
s s s
s s
s s s
= Y D Y - Y + Y +
= Y Y + Y + + Y
+ Y - + Y
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With w > > h h hsp sp0 1 1 , Heff2( ) is approximated as
å ås s j s» Y D Y - Y + - Y ++H t t t R 2 i h.c. A.13z
j
j z j
j
j r r z d y jeff
2
2 1( ) { [¯ ( ) ] } ( )( ) † † ˆ
with w= t h h 2d sp0 1 ( ). Here, we ignore the ac Stark shift, d » wac
h
2 3
sp
0
2( )
, in the orbital energy, which is
comparable to td inmagnitude butmuch smaller than tr in the experiment. The BlochHamiltonian is given by
s= - + hH t q q2 cosq r2 2¯ ( ) ( ) ·( )
with
r
r j j
= + D -
=- +
h z
x y
q t q t q2 sin 2 cos
sin 2 cos 2 . A.14
d r2 2 2
2
( ) ( ) ˆ [ ( )] ˆ
ˆ ( ) ˆ ( ) ˆ ( )
For our experimental condition, =h h h: : 6.4: 1.7: 0.3sp sp0 1 1 and <h h 1.3 kHzsp0 , whereasω/2π=13.7
or 6.8kHz, and tr/h=0.54 kHz, justifying the approximation taken in (A.9) and (A.13).
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Appendix B. Two-tone driving scheme
In this section, we consider the situationwhere the optical lattice system is drivenwith
dw w w j= + +t A t A tsin sin 2 . B.1( ) ( ) ˜ ( ) ( )
Following the derivation in appendixA,we obtain theHamiltonian in the comoving frame as
w w w w j= + - - +H p
m
V
k x t p t p
2 2
cos 2 d sin 2d sin 2 . B.2x L L x
2
( ) ( ) ˜ ( ) ( )
In two-band tight binding approximation, theHamiltonian ¢Hˆ in a rotating reference framewith frequency 2ω
is given by
å¢ = Y ¢ Y - Y ¢ Y ++H K t J t h.c. ,
j
j j j j 1{ ( ) ( ( ) )}† †
with
s w w s w j w s
s w w j w w j s
w w s w j w s
¢ = D + - + + -
¢ = + - + + - + +
- - - + -
 
K t h t R t h t R t
J t t t h t h t h t h t
h t R t h t R t
sin 2 sin 2 2 ,
i sin sin 2 i sin sin 2
sin 2 sin 2 2 . B.3
z z
z z
z
sp
y
sp
y
r r z z
sp
y
sp
y
2 0 0
1 1 1 1
1 1
( ) ( ) ( ) ˜ ( ) ( )
( ) ¯ [ ¯ ( ) ˜¯ ( )] [ ( ) ˜ ( )]
( ) ( ) ˜ ( ) ( ) ( )
ˆ ˆ
ˆ ˆ
The tilde symbol indicates that the elements are derived from the 2ω drivingwith the amplitude A˜.
The effectiveHamiltonian,Heff, of the driven system can be obtained in a samemanner shown in
AppendixAusing the high frequency expansionmethod.Here, we note that the Fourier components,H±1 and
H±3 are generated only by theω driving to have the same forms obtained in (A.11), andH±2 andH±4 come only
from the 2ω driving, resulting in the same forms ofH±1 andH±2 in (A.7). Then, (A.5) shows that the effects of
the two drivings additively arise in the system, thus leading to
å ås j s s s» Y D + Y - Y + - Y ++H t R t t t i h.c. B.4z
j
j z v x j
j
j r r z d y jeff 2 1[ ˜ ( ) ] [ (¯ ) ] ( )† ˆ †
with =t h 2v sp0˜ ˜ and w= t h h 2d sp0 1 . Here the same approximations used in (A.9) and (A.13) are applied.
Accordingly, in the quasimomentum space, the BlochHamiltonian is given by
s= - + hH t q q2 cosq r¯ ( ) ( ) ·
with
r r j j= + + D - = +h y z x yq t t q t q2 sin 2 cos cos sin . B.5v d r2( ) ˜ ˆ ( ) ˆ [ ( )] ˆ ˆ ( ) ˆ ( ) ˆ ( )
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